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 
Abstract—In this paper, we demonstrate through computer 
simulation and experiment a novel subcarrier coding scheme 
combined with pre-electrical dispersion compensation (pre-EDC) 
for fiber nonlinearity mitigation in coherent optical orthogonal 
frequency division multiplexing (CO-OFDM) systems. As the 
frequency spacing in CO-OFDM systems is usually small (tens of 
MHz), neighbouring subcarriers tend to experience correlated 
nonlinear distortions after propagation over a fiber link. As a 
consequence, nonlinearity mitigation can be achieved by encoding 
and processing neighbouring OFDM subcarriers simultaneously. 
Herein, we propose to adopt the concept of dual phase conjugated 
twin wave (dual PCTW) for CO-OFDM transmission. Simulation 
and experimental results show that this simple technique 
combined with 50% pre-EDC can effectively offer up to 1.5 dB 
and 0.8 dB performance gains in CO-OFDM systems with BPSK 
and QPSK modulation formats, respectively. 
 
Index Terms —Nonlinearity mitigation, coherent detection, 
coherent optical transmission, orthogonal frequency division 
multiplexing. 
I. INTRODUCTION 
he nonlinear impairment due to Kerr effect limits the 
maximum signal power that could be launched into an 
optical fiber, without degrading the effective signal-to-noise 
(SNR) ratio or the system performance [1-3]. As a result, fiber 
Kerr nonlinearity effect sets an upper bound on the achievable 
data rate in optical fiber communications using traditional 
linear transmission techniques [4]. 
There have been extensive efforts in attempting to surpass the 
Kerr nonlinearity limit through several nonlinearity 
compensation techniques and nonlinear transmission schemes 
[5, 6]. Digital-back-propagation (DBP) is an effective 
nonlinearity compensation method, which removes the 
nonlinear distortion by inverting the distorted signal at the 
receiver digitally, based on the fact that nonlinear impairment 
(signal-signal interaction, rather than signal-noise interaction is 
concerned) is a deterministic effect [7]. However, DBP has 
some serious challenges, limiting its success in practice so far. 
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Firstly, accurate DBP requires a substantial increase in digital 
signal processing (DSP) complexity, proportional to the 
number of spans. Secondly, in wavelength-division 
multiplexed (WDM) systems the effectiveness of DBP is 
significantly reduced as the neighbouring WDM channels are 
unknown to the compensator. In this case, only the impact of 
self-phase modulation, which only represents a minor part of 
the overall nonlinear impairment [1, 3], can be compensated. 
Finally, even though full band DBP could be achieved (with 
enormous complexity), it is still challenging to realize the full 
benefit of DBP because of polarization mode dispersion 
(PMD) [8] and carrier frequency uncertainty problem [9], 
which leads to the incorrectness in optical field reconstruction. 
It has been shown in [9] that even a small carrier frequency 
deviation of 50 MHz can lead to a performance penalty of 
~2 dB. Talking into account the fact that commercial external 
cavity laser (ECL) can have a frequency deviation as much as 
several GHz, DBP seems to be unbeneficial for practical 
applications unless optical combs are employed at the 
transmitter [9]. 
Digital [10] and optical [11-13] phase conjugations (OPCs) at 
the mid link or installed at the transmitter [14] are other well-
known nonlinear compensation techniques that conjugate the 
signal phase after transmission in one segment of the link in 
order to achieve a net cancellation of the nonlinear phase shift 
using the nonlinearity generated in the second segment of the 
link. However, OPC modifies the transmission link by 
inserting a phase conjugator at the middle point of the link, 
and imposes significant symmetry conditions with respect to 
the phase conjugator, and thus, significantly reducing the 
flexibility in an optically routed network. 
Recently, a breakthrough fibre nonlinearity compensation 
technique called phase-conjugated twin wave (PCTW) has 
been proposed by X. Liu et al [15, 16]. PC-TW is a 
transponder-based technique that can be implemented with 
minimal additional optical hardware or DSP, providing a 
simple and effective solution in compensating optical fiber 
nonlinearity. However, PCTW halves the spectral efficiency 
(SE), meaning that the maximum achievable SE in a 
polarization division multiplexed (PDM) system with QPSK 
modulation format and PCTW scheme is only ~2 bits/s/Hz, 
which is the same as those achieved in PDM BPSK 
transmission. 
A modification of PCTW for coherent optical orthogonal 
frequency division multiplexing (CO-OFDM) exploring the 
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Hermitian symmetry has also been proposed in [17], also at the 
cost of 50% overhead. To address this drawback, a flexible 
nonlinear compensation scheme with the insertion of phase-
conjugated pilots has been proposed for CO-OFDM in [18]. 
This scheme allows the overhead to be adjusted (up to 50%) 
according the required performance gain, which is up to 4 dB. 
In addition, a dual PCTW scheme combined with quadrature 
pulse shaping was also proposed for single carrier systems, 
yielding an improvement of ~1.2 dB [19] without any 
overhead. 
Unfortunately, quadrature pulse shaping is required for dual 
PCTW, which cannot be applied effectively for multicarrier 
modulation formats such as CO-OFDM [20-22]. To address 
this issue, a phase-conjugated subcarrier coding (PCSC) 
scheme has been proposed in [23] by adopting the concept of 
dual PCTW to encoding and processing neighbouring OFDM 
subcarriers simultaneously. This proposed PCSC scheme can 
be effectively applied without any overhead and without 
suffering from the carrier frequency uncertainty problem. In 
this paper, we discuss the concept of PCSC in more details. 
We experimentally demonstrate the effectiveness of PCSC in 
WDM CO-OFDM transmissions with BPSK and QPSK 
modulation formats, showing that performance gains of 1.5 dB 
and 0.8 dB respectively (for BPSK and QPSK) can be 
obtained. 
II. PHASE CONJUGATED SUBCARRIER CODING FOR CO-OFDM 
TRANSMISSION 
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Fig. 1: Phase-conjugated subcarrier coding scheme for CO-OFDM 
transmission, the numbers (in red) are the probabilities of symbols in the 
constellation set. 
In the PCSC scheme (Fig. 1) each pair of neibouring OFDM 
subcarriers (with the indices of 2k-1 and 2k, where k is an 
integer number) after symbol mapping are encoded before 
beeing fed into the IFFT block to generate the time-domain 
signal as: 
 
1
* *
1
(2 1) (2 1) (2 )
(2 ) (2 1) (2 )
S k S k S k
S k S k S k
   

  
 (1) 
where (.)* stands for the complex conjugation operation. 
At the receiver, before symbol demapping, the received 
information symbols in this subcarrier pair are decoded as: 
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It should be noted that the PCSC can be considered as one-by-
one mapping scheme which does not require any overhead. 
The only requirement of PCSC is that the number of OFDM 
subcarriers is even. The PCSC scheme modifies both the 
constellation set and probabilities of constellation points. As 
shown in the Fig. 1, if the input modulation format is BPSK 
with equal probability (0.5, 0.5) for each constellation point (-
1, 1), the output constellation set will be a 3 ASK (-2, 0, 2) in 
which the symbol “0” occurs twice as often as the two other 
information symbols (-2, 2). This indicates that 50 % of BPSK 
OFDM subcarriers will be turned off after encoding. 
Similarity, if the input modulation format is QPSK, after 
encoding, the output constellation set will be a 9 QAM with 
unequal probabilities (Fig. 1), which can potentially reduce the 
nonlinear distortions on OFDM subcarriers due to the unequal 
power distribution across the OFDM band [24]. 
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Fig. 2: Sensitivities of OFDM systems with and without PCSC in the linear 
channel with white Gaussian noise. 
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Fig. 3: Dispersion map of an optical link with 50% pre-EDC. L is the link 
distance and D is the dispersion coefficient. 
The sensitivities of OFDM systems with and without PCSC 
scheme in the Additive White Gaussian Noise channel are 
compared in Fig. 2, for different modulation formats, namely 
BPSK, QPSK, 8QAM. It can be seen that independently of the 
modulation format used, PCSC gives no performance gain or 
penalty (the same sensitivity) in linear transmission channels. 
This result indicates that PCSC is ineffective for CO-OFDM 
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systems if the distortions on neighbouring subcarriers are 
Gaussian distributed and uncorrelated. However, if the OFDM 
subcarrier frequency spacing is small (tens of MHz) we can 
expect that the nonlinear phase shifts on neighbouring 
subcarriers will be highly correlated. Thus, potential 
performance gain can be achieved by encoding and processing 
neighbouring subcarriers simultaneously at the transmitter and 
receiver. In order to enhance the similarity of nonlinear 
distortions on neighbouring OFDM subcarriers, pre-EDC is 
applied in this work to create a dispersion-symmetry along the 
transmission link as shown in Fig. 3 [16]. 
III. SIMULATION  
S/
P
S/
P
SM
SM
P
C
SC
 e
n
co
d
in
g
P
/S
TS
 In
se
rt
io
n
IF
FT
DAC
DAC
DAC
DAC
IQ
IQ
xI
xQ
yI
yQ
PBS
Data
D
iv
er
si
ty
 
R
ec
ei
ve
r
R
ec
ei
ve
r 
D
SP
P
/S
P
/S SM
ADC
ADC
ADC
ADC
Data
SM
'
xI
'
xQ
'
y
I
'
yQ
OLO
P
re
-E
D
C
P
C
SC
 d
ec
o
d
in
g
 
Fig. 4. Block diagram of PDM CO-OFDM transmissions with PCSC. S/P: 
serial/parallel conversion, P/S: parallel/serial conversion, SM: symbol 
mappings, TS: training symbol, DAC: digital-to-analog converter, ADC: 
analog-to-digital converter, I/Q: I/Q modulator, PBS: polarization beam 
spliter, OLO: optical local oscilator. 
As a proof of concept, we first conducted a simulation of the 
PCSC scheme in a single channel 80Gbaud PDM CO-OFDM 
transmission system with BPSK and QPSK modulation 
formats. It should be noted that the choice of signal bandwidth 
is not critical here. The simulation setup is shown in the Fig. 4. 
The data stream was first divided into x- and y-polarizations, 
each of which was then mapped onto 1000 subcarriers using 
BPSK and QPSK modulation formats and subsequently 
transferred to the time domain by an IFFT of size 2048 while 
zeros occupying the remainder. The OFDM useful symbol 
duration was 12 ns and a cyclic prefix of 0.4 ns was added for 
polarization mode dispersion (PMD) compensation. The net 
bit-rate (after extracting 7 % FEC) is 150 Gb/s and 300 Gb/s 
when BPSK and QPSK are adopted. The long-haul fiber link 
comprised 80-km spans of standard single mode fibre (SSMF) 
with a loss parameter of 0.2 dB/km, nonlinearity coefficient of 
1.22 /W/km, dispersion of 16 ps/nm/km and PMD coefficient 
of 0.1 ps/km
1/2
. The span loss was compensated by Erbium-
doped fibre amplifiers with 16 dB of gain and 6 dB noise 
figure. The amplified spontaneous emission noise is added 
inline to ensure that the interaction between signal and noise is 
correctly captured [25]. The transmitter and receiver lasers had 
the same linewidth of 100 kHz. The simulated time window 
contained 500 OFDM symbols (10
6
 bits for QPSK). The DSP 
at the receiver includes chromatic dispersion compensation 
using a frequency domain equalizer with overlap-and-save 
method, channel estimation and equalization with the 
assistance of initial training sequence (2 training symbols 
every 100 symbols) using zero forcing estimation with MIMO 
processing, common phase error compensation with the 
insertion of quasi-pilot subcarriers [26, 27] (4 pilots every 
OFDM symbol) and symbol detection. The system 
performance is evaluated using the Q-factor derived directly 
from the BER [28]. 
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Fig. 5. Q-factor as a function of the launch power in 150 Gb/s PDM CO-
OFDM system with and without PCSC, the transmission distance is 8000 km 
 
Fig. 6. Constellation diagrams on x-polarization, 8dBm of the launch power, 
a) – without PCSC, b, c) with PCSC, before and after decoding. 
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Fig. 7. PDF of real and imaginary components for the “1” symbol in systems 
with and without the PCSC, the launch power was 7 dBm. 
Performances of the 150 Gb/s PDM CO-OFDM systems with 
and without the PCSC scheme (with and without pre-EDC) are 
compared in the Fig. 5. In this figure, the performance of 
PCTW technique with QPSK modulation format providing the 
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same SE (~2 bits/s/Hz) is also presented. As PCTW halves the 
SE, despite the effective nonlinear noise cancellation effect, 
PCTW with QPSK modulation format gives only around 
0.5 dB advantage over the traditional BPSK PDM CO-OFDM 
transmission scheme. On the other hand, when the PCSC 
coding scheme combined with pre-EDC is applied, a 
performance improvement of 1.5 dB can be achieved without 
reducing the SE. When PCSC is applied without 50% pre-
EDC, a performance gain of ~0.7 dB is observed. This result 
clearly indicates the benefit of pre-EDC in the proposed 
transmission scheme, which enhances the total gain to 1.5 dB. 
Interestingly, a nonlinear noise squeezing effect was observed 
(Fig. 6) in a similar manner as in single carrier system with 
real-valued signal and the symmetrical dispersion map [29]. 
Without PCSC, the real and imaginary parts of each 
constellation point have the same distribution. However, with 
PCSC and the optimized pre-EDC, the PDF of the real part of 
each constellation point is significantly narrowed. This 
nonlinear noise squeezing effect significantly reduces the BER 
in a transmission system using BPSK modulation format. 
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Fig. 8. Q-factor as a function of the launch power in 300 Gb/s PDM CO-
OFDM system with and without PCSC and constellation diagrams (before (a) 
and after (b) decoding) at 4 dBm, after 3200 km of transmission distance. 
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Fig. 9. Performance gain in systems with PCSC as a function of the frequency 
spacing for different modulation formats. 
When the PCSC scheme combined with the optimized pre-
EDC is applied for 300 Gb/s QPSK PDM CO-OFDM system, 
a performance improvement of around 0.7 dB is achieved, as 
shown in the Fig. 8. This result clearly indicates that the 
proposed PCSC scheme also effectively mitigates the 
nonlinear distortions on OFDM subcarriers when QPSK 
modulation format is adopted. However, as QPSK cannot take 
the advantage of the nonlinear noise squeezing effect, the 
performance improvement in this case is only a half of those 
achieved with BPSK modulation format. In addition, without 
50% pre-EDC, PCSC does not provide a significant 
improvement in the system’s performance. This result 
confirms the benefit of pre-EDC in applying the proposed 
coding scheme (both for BPSK and QPSK modulation 
formats). 
The performance gain offered by PCSC and pre-EDC as a 
function of frequency spacing is shown in Fig. 9 for BPSK and 
QPSK. Herein, the signal bandwidth is kept at 80 GHz, the 
number of OFDM subcarrier and the IFFT size are reduced 
accordingly to increase the OFDM subcarriers frequency 
spacing. For example, the number of OFDM subcarrier and the 
IFFT size were set to 160 and 512 to increase the subcarriers 
spacing to 500MHz. As expected, the performance gain 
decreases with the increasing of the frequency spacing. If the 
frequency spacing is comparable with the FWM bandwidth 
(~1GHz), the performance gain in QPSK system becomes 
negligible (~0.2 dB). This result clearly indicates that the 
OFDM frequency spacing should be kept small in order to take 
the advantage of PCSC scheme. 
IV. EXPERIMENTAL DEMONSTRATION 
The experimental set-up is shown in Fig. 10. It comprised 
three standard DFBs on 25 GHz grid which were substituted in 
turn by a 100 kHz linewidth laser. Additional loading channels 
(10 GHz of bandwidth) were generated using an ASE source 
which were spectrally shaped using a wavelength selective 
switch (WSS) [30]. The twenty loading channels were spread 
symmetrically around the test wavelengths so that the total 
bandwidth of the transmitted signal was 0.575 THz. The 
transmission path was re-circulating loop consisting of a single 
span 100 km Sterlite OH-LITE (E) fiber, having around 19 dB 
insertion loss. A gain flattening filter (GFF) was placed in the 
mid stage of the EDFA. After propagation the center channel 
was coherently detected. The received electrical signals were 
then sampled by a real-time oscilloscope at 80 GS/s and 
processed offline in MATLAB. 
The OFDM signals (400 symbols each of 20.48 ns length, 2% 
cyclic prefix) encoded with BPSK and QPSK modulation 
formats were generated offline in MATLAB using an IFFT 
size of 512, where 210 subcarriers were filled with data and 
the remainder zeros giving a line rate of 10 Gb/s and  20 Gb/s 
(9.1 Gb/s and 18.2 Gb/s after cyclic prefix and FEC overhead 
are removed) for BPSK and QPSK modulation formats 
respectively. The DSP at the receiver included 
synchronization, x- and y-polarizations combination using the 
maxima-ratio combining method [31], frequency offset 
compensation, chromatic dispersion compensation using an 
overlapped frequency domain equalizer with overlap-and-save 
method, channel estimation and equalization with the 
assistance of initial training sequence (2 training symbols 
every 100 symbols), phase noise compensation with the help 8 
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pilot subcarriers, and symbol detection. The system 
performance was evaluated directly from the BER by 
processing 10 recorded traces (~10
6
 bits), the results also are 
expressed as a Q-factor [32]. 
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Fig. 12. Received constellation diagrams of the center channel at 4000km of 
transmission distance, the launch power/channel was -3 dBm, a) – without 
PCSC, b, c) with PCSC, before and after decoding. 
The BER as a function of optical signal-to-noise ratio (OSNR) 
are compared in the back-to-back case for systems with and 
without PCSC in the Fig. 11. In a good agreement with the 
simulation results presented in Fig. 2, the BER remains the 
same in systems with and without PCSC. This result clearly 
confirms that PCSC does not affect the system sensitivity in 
the back-to-back case. It should also be noted in Fig. 11 that 
the implementation penalty (at the BER level of 10
-3
) is around 
4 dB. 
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Fig. 13. Q-factor as a function of the launch power/channel for the center 
channel in BPSK WDM CO-OFDM systems with and without PCSC, the 
transmission distance is 6000 km. 
The received constellation diagrams in BPSK transmission 
with and without PCSC (with pre-EDC) after 4000km are 
shown in Fig. 12 for a launch power/channel of -3 dBm. It is 
clearly that the received signal quality is significantly 
increased when PCSC is with 50% pre-EDC is applied. This 
result confirms that the fiber nonlinearity impairment is 
effectively mitigated by encoding and processing neighbouring 
subcarriers by the PCSC scheme. Herein, the nonlinear noise 
squeezing effect can also be observed as the nonlinear 
distortion in the imaginary component of the received 
information symbol tends to be bigger than those of the real 
component. 
The Q-factor as a function of the launch power in BPSK 
transmissions with and without PCSC and pre-EDC is plotted 
 
Fig. 10 (a) – Schematic of experimental setup of WDM CO-OFDM transmission with PCPs for fibre nonlinearity compensation. ECL: external cavity laser, 
PMM: polarization maintaining multiplexer, WSS: Wavelength Selective Switch, DFB: distributed feedback laser, BPF: band-pass filter (optical), GFF: gain 
flatten filter, OSA: optical spectrum analyser, LO: local oscillator. (b) – optical spectrum after the transmitter. (c) – optical spectrum after 2400km of 
transmission distance. 
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in Fig. 13 for a transmission distance of 6000 km. The 
constellation diagrams at the optimum launch power for both 
cases are also included. In Fig. 13, a performance 
improvement of around 1.5 dB is observed, which is 
equivalent with the simulation result plotted in Fig. 5 for single 
channel transmission. This result indicates that PCSC with pre-
EDC is also effective in compensating the nonlinear distortions 
due to cross phase modulation as long as the OFDM frequency 
spacing is small. This result confirms that PCSC is effective in 
both single and WDM transmission configurations. 
It should be noted that without pre-EDC, PCSC only provides 
~0.7 dB performance gain. Moreover, pre-EDC without PCSC 
shows a slightly worse performance improvement (~0.5 dB). 
As a result, a combination of PCSC and pre-EDC is necessary 
to achieve the full benefit of the proposed nonlinear mitigation 
scheme. 
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Fig. 14. Q-factor as a function of the launch power/channel for the center 
channel in QPSK WDM CO-OFDM systems with and without PCSC, the 
transmission distance is 4000 km. 
The similar result for QPSK WDM CO-OFDM transmission is 
shown in Fig. 14, at a transmission distance of 4000km. The 
performance enhancement observed is around 0.8 dB when 
PCSC combined with pre-EDC is applied, confirming that 
PCSC can also be effectively applied for a high SE modulation 
format such as QPSK. In Fig. 14, pre-EDC without PCSC does 
not improve the system performance. Similarly, without 50% 
pre-EDC, PCSC does not provide a significant performance 
gain, which agrees well with the simulation result presented in 
Fig. 8. As a consequence, PCSC should be combined with pre-
EDC to achieve the best performance for both BPSK and 
QPSK transmissions. As we explained before, the nonlinear 
noise squeezing effect is not beneficial to a quadrature 
modulation format such as QPSK. As a result, the performance 
gain in QPSK transmission is smaller than those obtained in 
BPSK transmission. 
 
V. CONCLUSION 
We have showed that the fiber nonlinearity impairments in 
CO-OFDM transmission can be mitigated by processing 
neighboring subcarriers simultaneously using the PCSC 
scheme. This coding scheme is very simple and can be 
effectively combined with pre-EDC to achieve a performance 
improvement up to 1.5 dB. In addition, it can be effectively 
applied in both single polarization and PDM systems, in both 
single channel and WDM systems without suffering from 
carrier uncertainty problem. 
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